Muskoxen (Ovibos moschatus) are sexually dimorphic ruminants from a highly seasonal environment. Five males and 4 females were assigned at the start of spring (309 days) to supplemental diets of either 12.8% or 25.1% protein with ad libitum grass hay (9.1% protein). Males grew more rapidly than females especially in the 2nd autumn (0.29 versus 0.15 kg/day) but returned to slow growth in the next winter (0.09 kg/day). Water space ( 3 H 2 O) grew from 62 to 94 kg, whereas fat increased from 1.36% to 16.52% of body mass from 312 to 522 days of age. Depth of subcutaneous fat was greater on the high nitrogen (N) supplement, which indicated deposition of excess dietary protein as lipid. Differences in protein content and 15 N enrichment of the supplements did not affect density, composition, or enrichment of hair, which indicated minimal incorporation of supplemental protein into lean mass and a low requirement of N for growth. Low body fat may impair survival of muskoxen during the 1st winter, whereas gains of mass as fat and lean tissue in the 2nd summer may be influenced by diversity and abundance of forage and by differential maturation of males and females.
Climate and weather influence the growth of ungulate populations at high latitudes either by direct effects on precipitation or by indirect effects on plants they consume (Forchhammer et al. 2001; . Sensitivity of plants and herbivores to climate change reflects the brief season of annual plant growth at high latitudes when high temperature and long photoperiod prevail during a short summer (Lenart et al. 2002) . Ungulates are therefore presented with foods of increasing diversity, quality, and abundance in summer (Klein and Bay 1990, 1994; Thing et al. 1987) . Autumnal senescence reduces the quality of plants for ungulates, whereas wind and snow may further reduce availability of these forages through winter * Correspondent: ffpsb@uaf.edu (Forchhammer and Boertman 1993; Ihl and Klein 2001; Nellemann 1997 Nellemann , 1998 .
Muskoxen (Ovibos moschatus) are the largest herbivores in the circumpolar arctic (Klein 2000) . Although wild herds consume a variety of forages, their diet comprises mainly sedges and grasses that are high in fiber and low in nitrogen (N) or protein (Forchhammer 1995; Larter and Nagy 1997; Nellemann 1998; Schaefer and Messier 1996) . Consumption of legumes and dicotyledonous plants (Mulder and Harmsen 1995) may, however, supplement intakes of N from graminoid plants, especially among females and growing subadults (Forchhammer 1995; Forchhammer and Boomsma 1995; Oakes et al. 1992 ). Growth of muskoxen may be influenced by the abundance and quality of forages available in the small home ranges used by mixed herds. This suggestion is supported by high rates of recruitment of young animals into the breeding population after introduction of muskoxen to new ranges in Alaska (Reynolds 1998) and Canada (Hénaff and Crête 1989) . Furthermore, muskoxen from areas of low forage abundance in east Greenland are smaller and begin breeding at an older age when compared with herds on higher-quality ranges to the west (Olesen et al. 1994) .
Although availability of energy and nutrients can limit mass gain in northern ungulates, growth rate is also affected by endogenous controls associated with season and gender (Price and White 1985) . Growth of caribou and reindeer (Rangifer tarandus) follows a seasonal pattern, with the lowest mass gain in winter (Leader-Williams and Ricketts 1981; McEwan 1968) . Similarly, growth of muskoxen may follow annual cycles with minima in winter for activity (Coté et al. 1997; Messier 1995, 1996) , food intake (Adamczewski et al. 1994a ), basal energy expenditure (Lawler and White 1997; Nilssen et al. 1994) , and hair growth (Flood et al. 1989) .
Sexes may differ in the pattern and cost of growth because adult male muskoxen are 25% larger than females (Klein 2000) . Fitness of males increases with body size, whereas early maturation and onset of breeding are most advantageous to longlived females in polygynous mating systems (Gaillard et al. 2000; Green and Rothstein 1991; Reiss 1989) . Differences in body size between sexes may reflect prolonged growth in males (Jarman 1983) , as well as attenuated growth and early reproduction in females, both of which may be enhanced by changes in climate and forage production at high latitudes .
We describe a study of captive muskoxen that tests the effect of diet quality on growth from weaning to 3 years of age, when both sexes can reproduce. Muskoxen were fed grass hay with supplements of either medium or high N content to provide 2 diets of similar composition to forages consumed in the wild. We tested the hypothesis that size dimorphism is the result of a higher rate of growth in males than in females. We measured changes in body composition to test the hypothesis that mass is gained as both fat and lean tissue during summer. We predicted that the high N supplement would increase mass gained as lean tissue and hair when compared with the medium N diet.
MATERIALS AND METHODS
We studied 9 muskoxen (5 males and 4 females) at the R. G. White Large Animal Research Station (Fairbanks, Alaska; 65ЊN, 146ЊW) under protocol #00-003 approved by the Institutional Animal Care and Use Committee. Seasons at this latitude are described as follows: early winter, October to January; late winter, February to April; spring and summer, May to July; and autumn, August to September. These periods correspond to the annual reproductive cycle of the herd: breeding or rut in autumn, gestation through winter, and parturition at the start of spring.
Body mass was recorded on the same day each week (to Ϯ0.5 kg, using an electronic scale; model 703, Tru-Test, San Antonio, Texas) from weaning in October 1999 (age 139 days) to March 2001 (age 669 days). Animals were held in a common enclosure and provided with water ad libitum as fresh water or snow. Brome grass (Bromus) was provided ad libitum as hay throughout the year. Forages other than hay were not available during winter. Animals could not access browse in summer but could consume small amounts of grass (Bromus sp.) growing in the enclosure. The effect of grass consumption on diet composition was probably minimal because we used enclosures with low densities of pasture and because the grass and hay were from the same species and thus similar in composition (Lawler 2001) .
Supplements were based on cereal grains such as barley and corn, and ground roughage such as alfalfa and beet pulp, which were mixed with mineral and vitamin premixes and prepared as pellets (Alaska Pet and Garden, Anchorage, Alaska). Three supplements were used in this study: a common supplement was fed from weaning (139 days) to 309 days of age (March 2000) , when animals were ranked by size and switched to either a medium N supplement or a high N supplement. Supplements were provided at 70 g/kg 0.75 in 3 equal rations each week on the basis of average body mass for the previous week. Rations of all supplements were readily consumed. Animals were separated and supervised during feeding of supplements to prevent dominance behavior and any departures from the prescribed ration. Protein sources for both supplements included corn, barley, and alfalfa. Fish meal was included only in the high N supplement to provide a high-quality source of protein that could bypass ruminal fermentation (Van Soest 1994) . Fish meal also increased enrichment of the diet with 15 N and provided a label for monitoring the fate of absorbed N in blood and hair. Proximate analyses of the diets (Table 1 ) were performed with procedures described by Barboza and Jorde (2001) . Dietary crude protein (CP) was calculated from total N content on the basis of 6.25 g CP/g N (Robbins 1993) . Daily intakes of growing muskoxen can be calculated from the rate of supplementation (70 g/kg 0.75 ) and the dry matter intakes of castrated adult males fed grass hay and the same supplements in summer to autumn (75 g/kg 0.75 ) and winter to spring (46 g/kg 0.75 -Peltier et al., in press ). Daily consumption of N by muskoxen of 50-kg body mass was estimated at 1.21 and 0.79 g N/kg 0.75 in summer and winter, respectively, for hay with the common supplement. Estimated daily intake for 100-kg animals in summer was 1.10 g N/ kg 0.75 for hay with the medium N supplement and 1.51 g N/kg 0.75 for hay with the high N supplement. Daily intakes in winter for 100-kg animals were estimated at 0.67 g N/kg 0.75 for the medium N supplement and at 0.93 g N/kg 0.75 for the high N supplement combined with hay. These intakes would provide 1.46% N (9.1% CP) and 2.02% N (12.6% CP) in dry matter ingested as hay combined with supplements of medium N and high N, respectively.
Growth rate was determined as the difference in mass between start and end of each period divided by number of days in the period. Body composition was determined by water dilution ( 3 H 2 O) in spring, when animals were switched from a common supplement to either medium N or high N supplement (312 days of age). Body composition also was measured in autumn at the midpoint of the experiment (522 days) and the next spring at the end of the experiment (668 days). Intractability of 2 animals precluded dosing with labeled water and resulted in only 7 animals receiving doses at 522 and 668 days of age. Each animal received a single intrajugular dose of tritiated water at 1.80 Ci/kg body mass (133.31 Ci/g 3 H 2 O in 0.9% NaCl solution; Sigma Chemical Company, St. Louis, Missouri). All animals were held in covered pens without access to drinking water, snow, or food for 3 h to allow equilibration of the dose with body fluids. Blood was sampled from the jugular vein into dry heparinized tubes (Becton Dickinson, Rutherford, New Jersey) before dosing and at 3, 6, and 24 h from the dose. Plasma was separated at 300 ϫ g in a bench centrifuge and stored at Ϫ20ЊC. Samples were assayed for 3 H by scintillation counting and corrected for quench and background counts (Beckman LS6000SE, Beckman Instruments Inc., Redmond, Washington).
Body water space (W) was calculated from the concentration of 3 H in plasma at 3 h from dosing as: W (kg) ϭ (dose [dpm]/equilibration [dpm/ml]) ϫ 1000 (ml/kg), where dpm is disintegrations per minute. We concluded that the dose was equilibrated by 3 h for 2 reasons: counts of H 3 (dpm/ml) in blood declined linearly from 3 to 24 h; water space calculated from in- tercept of the regression (concentration at 0 time) was similar to that calculated from the concentration in blood at 3 h. Water space was corrected for water in the digestive tract with the assumption that ingesta contained 84.13% water and that ingesta was 18% of body mass as measured in adult muskoxen from this population (P. S. Barboza and J. E. Blake, in litt.). Ingesta free mass (IFM) of the body was calculated from body mass (BM) as IFM (kg) ϭ BM Ϫ (BM ϫ 0.18). Therefore, net water space (NW) associated with lean tissues was calculated as NW ϭ
. This calculation assumes that 3 H 2 O space overestimates water space by 10% (Chan-MacLeod et al. 1994; Fancy et al. 1986 ). Lean mass (NM) was subsequently calculated on the basis of 68.62% water (Gerhart et al. 1996) as NM ϭ NW/0.6862. Lipid mass (LM) was calculated as the difference between lean and ingesta free mass as LM ϭ NM Ϫ IFM.
Subcutaneous fat was measured by ultrasound (Ϯ0.1 cm; Technicare Model #SSD-210DX, Denver, Colorado) on the rump at the midpoint of a transect extending from the iliac crest to the ischial tuberosity (Rombach et al. 2003; Stephenson et al. 1998) in autumn (522 days old) and in the next spring (668 days old). Stature was measured vertically as distances from the floor to top of the shoulders, and to top of the rump. Hair was sampled by shaving approximately 25 cm 2 on the right shoulder in autumn (522 days old). Hair samples were dried to constant mass at 55ЊC to calculate density (mg/cm 2 ) on the basis of dry matter. Underwool (qiviut) was subsequently analyzed in an elemental analyzer (LECO CNS2000, LECO Corporation, St. Joseph, Michigan) for N and sulfur. Samples of blood, hair, and food also were analyzed for 13 C and 15 N enrichment by isotope ratio mass spectrometry (Europa Scientific 20-20 Continuous Flow IRMS, Europa Scientific, Chestershire, United Kingdom). Enrichments were expressed as ␦ (parts per thousand [ppt]-Wolfe 1992) against air ( 15 N) and peptone (P7750 from meat; Lot 76F-0300, Sigma).
We used analysis of variance (ANOVA) to test effects of sex, diet, tissue, and time with SYSTAT 10.0 software (SPSS Inc., Chicago, Illinois). Repeated measures within the same animal were used to test effects of time on body mass, body composition, and stature. Repeated measures of tissues were used to compare isotopic enrichment within animals. Pairwise contrasts were performed with Bonferroni's adjustments for multiple comparisons. Differences were considered significant at P Ͻ 0.05. Results are reported as mean Ϯ SD.
RESULTS
Males were larger than females from 309 days of age (Fig. 1) 669 day of age. However, growth rates were not significantly different between sexes through the 1st winter and into spring and summer. Males gained mass more rapidly than females in autumn at 474 days of age (0.29 Ϯ 0.07 compared with 0.15 Ϯ 0.05 g/day) but returned to a rate of growth similar to that of females in the 2nd winter (Fig. 2) . Mass gain during autumn was further analyzed as the linear slope of body mass against time from 7 August at increments of 14, 20, 27, 34, 41, and 48 days to 24 September. Interaction between time and sex was not significant (P Ͼ 0.05) for repeated measures ANOVA of these slopes, which indicates that the period of growth did not differ between sexes. Thus, rate of mass gain was greater for males than for females throughout autumn.
Although males were heavier than females, stature did not differ with respect to diet or sex (P Ͼ 0.05) in either autumn (rump 87 Ϯ 2 cm; shoulder 92 Ϯ 5 cm) or winter (rump 93 Ϯ 4 cm; shoulder 95 Ϯ 6 cm). Body mass gained from spring (312 days old) to the 2nd winter (669 days old) comprised water and lean tissues as well as fat (Fig. 3) . Lean mass was conserved (86 Ϯ 21 kg to 92 Ϯ 12 kg) during the 2nd winter (522-669 days of age; P Ͼ 0.05; Fig. 3 ). Body fat content was low during the 1st year (1.4 Ϯ 3.3%) but increased to 16.5 Ϯ 7.7% of body mass in the 2nd year.
Supplemental N did not affect body mass (P Ͼ 0.05), rates of mass gain (P Ͼ 0.05), or body composition measured by water dilution (P Ͼ 0.05). Although total fat was similar between diets at 522 days of age, subcutaneous fat at the rump was deeper in animals on high N supplement than in those fed the medium N diet (Fig. 4) . This difference in the depth of subcutaneous fat diminished over winter, that is, depths of subcutaneous fat were similar between diet groups in spring (Fig. 4) .
Nitrogen supplementation did not affect either density (99 mg/cm 2 ) or composition (16% N, 2.9% S) of hair. Although diets differed in enrichment of 15 N (6.4 ppt for high N compared with 1.8 ppt for medium N), hair was similar in enrichment between diet groups (P Ͼ 0.05; Fig. 5A ). Enrichment of plasma and erythrocytes with 15 N was, however, greater for animals fed the high N supplement than for those fed the medium N diet. Grass hay was depleted in 13 C compared with both supplements, which were similar in enrichment of C ( and 13 C than hay. Enrichment of plasma with both 15 N and 13 C differed between autumn and spring (Fig. 5) .
DISCUSSION
Our 1st hypothesis that growth rate determined size dimorphism in muskoxen was not supported by measures of stature but was supported by mass gained during the 2nd summer (Fig. 2) . Mass gains of captive muskoxen declined between summer and winter even though hay was provided ad libitum. Winter depression of body mass and growth in northern ruminants has been related to the effects of short day length on growth hormone, thyroid hormones (Ryg 1983; Ryg and Langvatn 1982) , and insulinlike growth factor (Suttie and Webster 1995) . These declines in mass or growth may be associated with reductions in food intake and digestive function mediated by melatonin (Domingue et al. 1992; Eloranta et al. 1995) . Reductions in concentrations of thyroid hormones in plasma, basal metabolic rate (Lawler and White 1997; Nilssen et al. 1994) , and food intake (Adamczewski et al. 1994a; White et al. 1984 ) of muskoxen during winter are consistent with an effect of short photoperiod on growth. Seasonal changes in 15 N and 13 C enrichment of plasma in both groups of growing muskoxen probably reflect changes in both rates of food intake and metabolism during winter (Fig. 5B) .
Differential mass gains in muskoxen may also reflect attenuation in seasonal growth of females compared with males ( Figs. 1  and 2 ). Polygyny is associated with prolonged growth of males compared with females in several mammals (Jarman 1983) including northern ungulates such as moose (Spaeth et al. 2001 ) and reindeer (LeaderWilliams and Ricketts 1981) . Smaller body size of females may be advantageous to lifetime reproductive success if curtailed growth facilitates earlier breeding (Green and Rothstein 1991; Karubian and Swaddle 2001) . Early maturation in bison (Bison bison) results in reduced growth and infertility the year after 1st parturition, but earlymaturing females produce more offspring during their lifespan than other females (Green and Rothstein 1991) .
Although female muskoxen do not usually give birth until their 3rd year (Klein 2000) , animals on a high plane of nutrition will enter estrus and reproduce at 2 years of age in captivity ) and in the wild (Jingfors and Klein 1982; Reynolds 2001) . Secretion of reproductive hormones such as estrogen in autumn may underlie sexual differences in growth (Lawrence and Fowler 1997) near the breeding season. A variety of sexual hormones affects seasonal patterns of both food intake and metabolism in ruminants (Loudon et al. 1989; National Research Council 1994; Owens et al. 1993; Rhind et al. 2002 ). Higher growth rates in immature males than in females are probably associated with increased food intake that is greater after the summer solstice (August and September) than at the start of summer (May and June) in castrated adult males (Peltier et al., in press) . This pattern of intake may be associated with the delay in forage abundance at high latitudes because plant emergence may only increase as snow and ice cover declines after the summer solstice. Low forage abundance in autumn may therefore curtail mass gains of males more than females and subsequently reduce the degree of dimorphism within an age class .
Compositional changes underlie seasonal mass gains in growing muskoxen. Body mass gains of muskoxen were primarily due to lean tissue during the 1st year, which probably reflects musculoskeletal growth (Heinrich et al. 1999) . Average fat content of muskoxen at 312 days of age was only 1.4% of body mass, which is similar to that of growing caribou (R. tarandus; 1.4-2.3%- Gerhart et al. 1996; Reimers et al. 1982) and yearling muskoxen from the wild (7%- Adamczewski et al. 1995) . Although gains in limb length may benefit mobility in deep snow, the lack of large fat reserves during the 1st winter could contribute to mortality of young muskoxen (Larter and Nagy 2001a) . Maternal supplies of energy and nutrients in milk may offset low fat reserves of young muskoxen during the 1st winter because weaning may be delayed until the end of winter (Parker et al. 1990; Thing et al. 1987) . Growth during the 2nd year resulted in deposits of body fat (16.5% of body mass) similar to adult females in the wild (11.6-13.9% of body mass- Adamczewski et al. 1995) , which suggests that captive females could establish sufficient reserves of fat to sustain pregnancy in their 2nd year (Adamczewski et al. 1998) .
The conversion of dietary protein to fat or lean tissues is indicated by the isotopic enrichment of 15 N and 13 C in growing muskoxen. We estimated that grass hay provided 78% and 57% of dietary N for animals fed medium N and high N supplements, respectively. Enrichment of tissue N above dietary hay and the medium N supplement suggests that N enters several pathways that select for the heavier isotope (Fig.  5A) . It is likely that these pathways include microbial systems in the digestive tract and endogenous systems within the organs and cells of the animal (Gannes et al. 1997 (Gannes et al. , 1998 . Although use of dietary protein by ruminal microbes will result in N being absorbed by the animal as ammonia or as microbial amino acids, dietary proteins that bypass microbial fermentation could be absorbed as amino acids without modification (Annison and Bryden 1999) . Proteins in the high N supplement included those from fish meal, which often bypass ruminal fermentation (Van Soest 1994) . If proteins in the high N supplement were absorbed and incorporated as amino acids, we would expect to see elevated ␦ 15 N in the tissues. Although tissue ␦ 15 N was consistently higher in animals fed the high N supplement than in those fed the medium N diet, enrichments of N in hair were similar between groups. This suggests that N absorbed from the supplements was not preferentially incorporated in hair even though supplementation covered the entire period of seasonal growth of underwool from May to November (Flood et al. 1989) . Differences in hair ␦ 15 N between the groups could be ameliorated by a greater effect of endogenous or microbial fractionation of the medium N supplement than of the high N supplement, but this suggestion requires confirmation from direct measures of N kinetics in northern ungulates.
The conversion of excess dietary protein to fat is consistent with greater depths of subcutaneous fat in muskoxen fed the high N supplement than in those fed the medium N diet (Fig. 4) . Maximum rates of protein deposition in lean tissues and in hair are ultimately controlled by genotype but modulated by several hormones (Breier et al. 2000; Owens et al. 1993) and by the rate of protein synthesis in each organ (Adams et al. 2000) . Dietary supply of S amino acids can limit hair growth in domestic ruminants (Black and Nagorcka 1993) , but estimated dietary content of sulfur fed to growing muskoxen (0.17-0.20% of dry matter) was similar to that required by domestic goats, sheep, and cattle (National Research Council 1981 . Changes in composition of hair with age and sex of muskoxen (Rowell et al. 2001) suggest that the requirement and timing of protein and S deposition may vary between males and females depending on reproductive state .
Our hypothesis that lean mass gains of muskoxen would increase with supplemental dietary N was not supported by measures of stature, body composition, or hair density. This suggests that N supplied by hay and medium N supplement (9.13% of dietary dry matter) at daily rates of 672 mg N/kg 0.75 in winter and 1,095 mg N/kg 0.75 in summer is greater than or equal to the requirement for growth in muskoxen. Requirements of N for growth (920-1,060 mg N/kg 0.75 ) and maintenance (370-820 mg N/ kg 0.75 ) in cervids such as white-tailed deer (Odocoileus virginianus- Asleson et al. 1996) and caribou (McEwan and Whitehead 1970) may exceed those for muskoxen, especially during winter when growth is slow (Fig. 2 ) and urinary N losses may be small (Larter and Nagy 2001b) . Gains of N by muskoxen in summer could be constrained by the abundance of graminoids that constitute the major portion of the diet. Graminoids are low in N (4.7-7.2% CPLarter and Nagy 2001b) and of low digestibility (43%- Adamczewski et al. 1994b) . Consequently, the availability of plants with higher N concentrations (10-20% CP) such as willow (Salix-Klein and Bay 1990, 1994 ) may complement and supplement the consumption of graminoids (Boyd et al. 1996) . Forage abundance and diversity may therefore influence survival and recruitment of young muskoxen, especially in regions with high population density (Gaillard et al. 1998; Larter and Nagy 2001a) .
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